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S1: Experimental Conditions
Benzene (99.8% Sigma-Aldrich), CH3ONO (synthesized following Taylor et al.1), and NO
(1993±20 ppmv, Matheson) are injected into the chamber in a similar fashion. Briefly,
the standard is firstly introduced to an evacuated gas-tight 500 cm3 glass bulb, and then
undergoes serial dilution with N2 to achieve the desired mixing ratio. The analyte in the
glass blub is quantified by FTIR spectroscopy using tabulated cross section and then injected
into the chamber. 8 UV lights (Sylvania F40/350BL) are used. The measured jCH3ONO and
inferred jNO2 are 1.1×10-3 s-1 and 4.4×10-3 s-1, respectively. The experimental conditions
are summarized in Table S1.
Table S1: Experimental conditions.
Expt initial concentration (ppb) Ox Time [OH]b Δ[Benzene] note
No. Benzene OH sourcea NO NO2 (min) (×108) (ppb)
1 785 2000 0 0 2400 0.033 55
2 1473 501 4673 300 52 0.11 53
3 1525 542 1225 60 12 0.62 61
4 1456 557 593 19 12.5 1.14 100
5 1446 527 289 10 6.5 1.54 100
6 1509 525 168 5 5 1.61 108
7 1428 537 35 1 5.5 1.72 121
8 1487 509 0 0 7 1.79 128 c
9 1422 568 0 0 7 1.71 112 d
10 1463 576 2100 127 30 0.21 67 d
11 1429 490 0 0 40 0.21 98 d,e
12 1408 492 729 17 12 0.65 80 d
13 1580 517 727 28 12 0.73 92 d
a H2O2 is used as OH source for Expt 1 and CH3ONO is used as OH source for all other
experiments.
b unit: molecule cm-3. Determined from the measured decay rate of benzene.
c Continuous injection of isotopically labeled benzene (benzene-d6, 99%, Sigma Aldrich) with
constant concentration into the CIMS, to better quantify the reaction amount of benzene in
the reaction chamber. However, benzene-d6 is an isobaric compound of C4H4O2 and interferes
the quantification of C4H4O2.
d GC column condition changed so that the chromatograms can only be compared between
experiments 9-13, not with experiments 1-8.
e Only one light bulb is used.
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S2: CIMS operation and sensitivity
The CIMS is operated in two alternating modes: negative mode with CF3O- as reagent
ion and positive mode with NO·H2O+. The negative mode with CF3O- has been well
documented in the literature2,3. In brief, 1 ppmv CF3OOCF3 (in N2) flows through a
radioactive 210Po source and CF3O- is generated via the following reactions:
210Po→ α+ 206Pb (1)
α+N2 → N2+ + e- + α (2)
e- + CF3OOCF3 → CF3O- + CF3O· (3)
CF3O- selectively interacts with multifunctional oxygenated products to generally produce
either cluster ion (reaction 4) or fluoride transfer ion (reaction 5):
M + CF3O⇀↽ M · CF3O- (4)
M + CF3O→ M-H- · HF + CF2O (5)
For the negative mode, the instrument is calibrated for phenol, glycoaldehyde, and H2O2,
all of which are commercially available. When the authentic standards are not commercially
available, we estimate the instrumental sensitivity based on the ion-molecule collision rate
coefficients4,5. In brief, the conformer-weighted dipole moment and the lowest-energy conformer
polarizability of the compound of interest are calculated at the B3LYP/cc-pVTZ level of
theory. Next, the dipole moment and polarizability are used to calculate the ion-molecular
collision rate coefficients based on an empirical approach6. Finally, the ion-molecular collision
rate coefficient is related to instrumental sensitivity by using glycoaldehyde as reference
compound, the sensitivity of which is experimentally determined. The instrumental sensitivities
of major oxidation products are summarized in Table S2.
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In the positive mode, NO·H2O+ is produced by flowing 1993±20 ppmv NO (in N2,
Matheson) through the same 210Po source as used in negative mode. The N2+ generated
by reaction 2 reacts with NO to form NO+. Under the trace amount of H2O in the
instrument, the NO+ is present as NO · H2O+ and NO · (H2O)+2 . In contrast to CF3O-,
NO · H2O+ is sensitive to less oxygenated compounds, including aromatics, alkanes, and
carbonyl species7–10.
N2+ +NO→ NO+ +N2 (6)
NO+ +H2O⇀↽ NO · H2O+ (7)
M + NO · H2O+ ⇀↽ M · NO+ +H2O (8)
The instrumental sensitivity in the positive mode is calibrated for benzene (commercially
available), CH3ONO (synthesized following Taylor et al.1), and glyoxal (prepared by following
the procedure in Kroll et al.11). The sensitivities vary between compounds, but are on
the order of 1×10-3 ncts/ppbv (normalized by the sum of the signal of NO · H2O+ and
NO · (H2O)+2 ) under dry condition (roughly 10 ppmv water vapor in the flow tube). The
instrumental sensitivities for other compounds detected in the positive mode are assumed
to be the average of that of benzene and glyoxal. For the compounds calibrated here,
cluster with NO+ via reaction 8 is the dominant product ion. This observation is consistent
with Guimbaud et al.12 who measured C2H2O2·NO+ as the only product ion for the
reaction of glyoxal with NO+, but inconsistent with Śpanél et al.10 who showed that
C6H6·NO+ only accounts for 15% of the benzene + NO+ products. However, caution
is required when applying knowledge on NO+ ion chemistry to NO·H2O+, because the
H2O molecule can influence the ionization chemistry by carrying away excess energy and
minimizing fragmentation. In addition, the instrument configuration and tuning also influence
the ion-molecule reaction.
The uncertainty in the instrumental sensitivity is the most important factor hindering
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the quantification of product yields. For the compounds without authentic standards, their
sensitivities are estimated based on ion-molecule collision rate coefficients in the negative
mode and based on the average sensitivity of glyoxal and benzene in the positive mode. We
evaluate the uncertainty of the estimated sensitivity by comparing the yields of compounds
that are detected in both the positive (NO·H2O+) and negative modes (CF3O–). Compounds
with chemical formula C6H6O, C6H6O2, C6H6O3, C4H4O3, which are of interest to this
study, are detected in both modes. The sensitivity of phenol (C6H6O) in the negative mode
is calibrated based on standard, and the sensitivities of other compounds are estimated as
discussed above.
Figure S1 compares the yields of four masses between the negative and positive modes.
The C6H6O yield agrees within 25% between two modes. For the other three masses, the
agreement is generally within 50% for the majority of experiments. For C6H6O2, C6H6O3,
and C4H4O3, each mass has multiple isomers, which likely have different sensitivities. This
could introducing compensating errors and complicate the comparison. Nonetheless, the
reasonable agreement in product yields between positive and negative modes suggests that
the estimated sensitivity is on the right order of magnitude and the uncertainty in instrumental
sensitivity does not alter the major conclusions of this study, such as the small yields of C6-
epoxydicarbonylene.
S3: Yield calculation
The molar yield of a product X is defined as follows
YX =
Δ[X]corrected
Δ[benzene]
=
F ·Δ[X]
Δ[benzene]
(9)
whereΔ[X] andΔ[X]corrected represent the amount of X formed before and after correction
for secondary loss, respectively. Δ[benzene] represents the reacted amount of benzene. F is
the correction factor for secondary loss of X. The determination of F follows the procedure
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Table S2: Instrumental sensitivity and reaction kinetics of major oxidation products in benzene
oxidation
Compound Formula sensitivitya kOHb jc mode note
(×10-4) (×10-11) (×10-5)
phenol C6H6O 0.94 2.8 N/A CF3O– d
C-nitrate C6H7NO4 1.6 2.8 N/A CF3O– e
BCE-nitrate C6H7NO5 1.8 2.8 N/A CF3O– e
BCP-nitrate C6H7NO6 1.5 2.8 N/A CF3O– e
2,4-hexadienedial C6H6O2 1.0 7.4 5.4 CF3O– f
C6-epoxydicarbonylene C6H6O3 1.3 7.4 5.4 CF3O– g
fumaraldehydic acid C4H4O3 2.0 3.7 79.2 CF3O– h
epoxy-butandial C4H4O3 2.0 3.0 0.8 CF3O– i
glyoxal C2H2O2 26 1.0 3.9 NO · H2O+ j
butenedial C4H4O2 24 5.2 79.2 NO · H2O+ k
benzene C6H6 23 0.12 N/A NO · H2O+ l
methyl nitrite CH3ONO 12 N/A 110 NO · H2O+ m
a The unit of sensitivity is ncts pptv-1 and ncts ppbv-1 for negative mode and positive mode,
respectively. In the negative mode, the signal is normalized to the sum of the count rates for 13CF3O–
and 13CF3O– · H2O. In the positive mode, the signal is normalized by the sum of the count rates of
NO ·H2O+ and NO · (H2O)+2
b kOH unit is cm3 molecule–1 s–1. Values at 298 K.
c j unit is s-1. Values correspond to light intensity in this study.
d Sensitivity is from calibration. kOH is from MCM.
e Sensitivity is from theoretical calculation and averaged over all stereo-isomers. kOH is assumed to
be the same as phenol.
f Sensitivity is from theoretical calculation. kOH and j are for the E,E-C6H6O2 isomer from Klotz
et al. 13 .
g Sensitivity is from theoretical calculation. kOH and j are assumed to be same as 2,4-hexadienedial.
h Sensitivity is from theoretical calculation. kOH is adapted from Wang et al. 14 , which is calculated
using traditional transition-state theory. j is assumed to be the same as butenedial.
i Sensitivity is assumed to be the same as fumaraldehydic acid. kOH is assumed to be twice the kOH
of acetaldehyde. j is assumed to be 0.01 of jbutenedial.
j Sensitivity is from calibration. kOH and j are from MCM.
k Sensitivity is assumed to be the average of benzene and glyoxal. kOH and j are for the Z-C4H4O2
isomer from Newland et al. 15 .
l Sensitivity is from calibration. kOH is from MCM.
m Sensitivity is from calibration. j is from measurement.
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Figure S1: Yield comparison for compounds that are measured in both positive and negative
modes.
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in Atkinson et al.16 . In brief, the time-dependent concentrations of benzene and products
are governed by
d[benzene]
dt
= –kbenzene+OH[benzene][OH] (10)
d[X]
dt
= YX · kbenzene+OH[benzene][OH] – kX+OH[X][OH] – jX[X]
= YX · kbenzene+OH[benzene][OH] – kX,loss[X][OH]
(11)
where kbenzene+OH, kX+OH, and jX are the rate coefficients for benzene+OH, X+OH,
photolysis of X, respectively. kX,loss = kX+OH + jX/[OH] represents the effective loss rate
of product X, combining its reaction with OH and photolysis. OH concentration in each
experiment is determined by fitting the loss rate of benzene. The above two equations can
be integrated to obtain
F =
(kbenzene+OH – kX,loss
kbenzene+OH
) 1 – [benzene]t[benzene]0
[benzene]t
[benzene]0
kX,loss/kbenzene+OH
– [benzene]t[benzene]0
 (12)
The related reaction kinetics of oxidation products are summarized in Table S2.
In the main text, when comparing the phenol yield between different studies, we correct
the phenol production from C-yl + NO2 reaction, based on Eqn. S13, which is obtained
by re-arranging Eqn.3 in the main text. The correction is to facilitate comparison between
studies, because both NO and NO2 concentrations influence the bimolecular lifetime of the
radical pool (i.e., C-yl and C-peroxy), but they have different impacts on phenol yield.
Ycorr,NO2phenol = Yphenol –
Φphenol
k6
Keq2
[NO2]
[O2]
kphenol +
k6
Keq2
[NO2]
[O2]
+ kendo,eff + k9
∑4
1Keqi
Keq2
[NO]
(13)
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Figure S2: Fitting of phenol yield according to Eqn.3
S4: GC operation and chromtograms
Analytes are sampled from the chamber reactor and cryo-trapped on the head of a 2 m
Restek RTX-1701 column at -20◦C. After trapping for certain time (5 - 20 min, depending
on the analyte concentration), elution is enabled by programmed heating with N2 as carrier
gas. The temperature profile is ramping from -20◦C to 50◦C at a rate of 20◦C min-1; ramping
from 50◦C to 130◦C at a rate of 3◦C min-1; held at 130◦C for 10 min.
Figures S3 to S8 show the chromatograms and the yields of key oxidation products
detected in the negative mode of CIMS. Multiple isomers are resolved for each oxidation
product. Regarding C6H7NO6 (Figure S5), the 2 m GC column is not efficient in fully
separating the two isomer eluting at 1680 s and 1720 s. To separate these two isomers, we
represent the two peaks as equal-width Gaussian and fit the chromtograms by employing
the peakfit.m function by Dr. Tom O’Haver (https://terpconnect.umd.edu/∼toh/spectrum
/Introduction.html). Figure S11 shows the output of the algorithm for one representative
chromatogram. The GC transmission efficiencies of C6H7NO6 and C6H6O3 are measured to
be 82% and 80%, respectively, by comparing the total chromatogram signal to the amount
of analyte trapped in the GC. The GC transmission efficiency would affect the estimated
yields of BCP-nitrate and C6-epoxydicarbonylene, because their yields depend on the isomer
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separation. The reported yields in the main text are based on the assumption that isomers
with the same m/z have the same GC transmission efficiency. To place an upper limit of the
yields of BCP-nitrate and C6-epoxydicarbonylene, we assume that they are the only isomers
partially lost in the GC and other isomers have 100% GC transmission efficiency. Under this
assumption, the yields of BCP-nitrate and C6-epoxydicarbonylene are estimated to be 0.1%
and 1.8%, under atmospherically relevant conditions. This does not change the conclusions
that the BCP-nitrate yield is unexpectedly low and the C6-epoxydicarbonylene production
from BCP-yl is negligible.
To aid the chemical identification of products, we perform H/D exchange analysis and
O3 test. By adding D2O (D, 99.9%, Cambridge Isotope Laboratories, Inc.) to the GC
eluent, the H/D exchange reaction can reveal the number of exchangeable H atoms (-OH,
-OOH, and -C(O)OH groups) in the product. The H/D exchange analysis is only performed
in the negative mode, not in the positive mode, because high D2O concentration forms
NO+ · (D2O)n clusters. The O3 test examines the presence of the C-C double bond in the
product. After the photooxidation ceases, the oxidation products are evacuated from the
chamber and collected in a cold trap at -60◦C. Then the trapped analytes are warmed and
transferred to a clean chamber using a flow of purified air. 2-4 ppmv O3 and approximately
90 ppmb cyclohexane (as an OH scavenger) are injected into the chamber. Products with
C-C double bond(s) will be quickly consumed by O3.
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Figure S3: Chromatogram of C6H6O3 · CF3O– from an experiment with τRO2,bimolecular ≈
0.05s.
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Figure S4: Yield of candidate isomers for C6-epoxydicarbonylene as a function of RO2
bimolecular lifetime.
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Figure S5: Chromatogram of C6H7NO6 ·CF3O– from three experiments with different RO2
bimolecular lifetime. The signals are scaled by the maximum signal of each chromatogram.
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Figure S6: Chromatogram of C6H6O2 · CF3O– from an experiment with τRO2,bimolecular ≈
0.001s.
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Figure S7: Yield of C6H6O2 as a function of RO2 bimolecular lifetime.
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Figure S8: Chromatogram of C6H7NO5 ·CF3O– from an experiment with τRO2,bimolecular ≈
0.05s.
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Figure S9: Yield of C6H7NO5 as a function of RO2 bimolecular lifetime.
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Figure S10: Yield of C6H7NO6 as a function of RO2 bimolecular lifetime.
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Figure S11: Representative chromatogram of C6H7NO6 · CF3O– from an experiment with
τRO2,bimolecular ≈ 0.4s. The peak shapes of peaks 1-3 and peaks 4-5 are represented by a
Gaussian and a Lorentzian, respectively.
Figure S12: Yield of C6H7NO4 as a function of RO2 bimolecular lifetime (τradical,bimolecular).
The measured yield represents the sum of all four C-nitrate isomers. The isomer-specific
yields are obtained from a kinetic model based on Schemes 1 and 2. The nitrate branching
ratio of C-peroxy+NO reaction is optimized to match the measured τRO2,bimolecular-
dependent C-nitrate yield. The optimal nitrate branching ratio is 0.9%.
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S5: RO2 bimolecular lifetime
Peroxy radical bimolecular lifetime (τRO2,bimolecular) is defined as
τRO2,bimolecular =
1
kRO2+NO[NO] + kRO2+HO2 [HO2]
(14)
The values of kRO2+NO and kRO2+HO2 are 9.15×10-12 and 2.39×10-11 cm3 molecule-1
s-1, respectively17, unless otherwise noted. [NO] and [HO2] are determined from an updated
benzene oxidation mechanism. In the mechanism, the chemistry following a single OH
reaction with benzene is based on findings and discussions in the main text. The chemistry
of the first-generation closed-shell products is kept the same as that in MCM. However, the
model develop and calculation of τRO2,bimolecular are interrelated. On one hand, τRO2,bimolecular
is calculated based on model output (i.e., [NO] and [HO2]). On the other hand, model
development requires the radical reaction kinetics, such as kphenol, which are determined
based on τRO2,bimolecular. Therefore, the determination of radical reaction kinetics and the
calculation of τRO2,bimolecular are iterative. We firstly implement theoretically calculated
kphenol and kendo,eff into model to obtain initial estimate of τRO2,bimolecular. This initial
estimate is combined with measured phenol yield to update kphenol and kendo,eff . After two
iterations, the changes in kphenol and kendo,eff are within 1%. We then obtain the final
estimates of τRO2,bimolecular, kphenol and kendo,eff .
S6: Computational approach
Reaction rate coefficients, k, of selected unimolecular reactions are calculated using multi-
conformer transition state theory (MC-TST):18–21
k = κ
kBT
h
TS conf.∑
i
exp
(
–ΔEi
kBT
)
QTSi
R conf.∑
j
exp
(–ΔEj
kBT
)
QRj
exp
(
–
ETS – ER
kBT
)
(15)
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κ is the tunneling coefficient calculated using the Eckart approach (see below).22 kB is
the Boltzmann constant, T is the temperature and h is Planck’s constant. The two sums run
over the conformers of transition states and reactants, respectively, and sum their partition
functions, Q, weighted by their relative zero-point corrected energy, ΔE. The partition
functions are evaluated at the lowest-energy vibrational level. The final term depends on
the zero-point corrected energy difference between the lowest-energy conformers of TS and
reactant, i.e., the reaction barrier.
Conformers, partition functions, and energies are generally calculated as described in
Møller et al. 21 . The structure of an arbitrary conformer is optimized using B3LYP/6-
31+G(d) in Gaussian 16, rev. C.01.23–28 Based on this structure, a systematic conformer
search is done using MMFF in Spartan’18 with a neutral charge enforced on the radical
center.21,29,30 For the conformer sampling of the transition states, three bond lengths are
constrained to their optimized values from the B3LYP/6-31+G(d) optimizations. For peroxy
radical H-shifts, these are the O-H bond being formed, the O/C-H bond being broken and
the peroxy O-O bond. The conformers from the conformational sampling are optimized at
the B3LYP/6-31+G(d) level in Gaussian 16. For the transition states, the TS optimization
is preceded by an optimization towards a minimum with the same constraints as used for
the conformer search.
Unique conformers within 2 kcal mol-1 in electronic energy of the lowest-energy conformer
at the B3LYP/6-31+G(d) level are further optimized using ωB97X-D/aug-cc-pVTZ.21,31–33
For the lowest-energy conformers at this level, an RO-CCSD(T)-F12a/VDZ-F12 (abbreviated
F12) single-point calculation is done in Molpro2012.34–39 The barrier height in the MC-TST
equation (Eq. 15) is calculated at the RO-CCSD(T)-F12a/VDZ-F12//ωB97X-D/aug-cc-
pVTZ level with ωB97X-D/aug-cc-pVTZ zero-point corrections, while the relative energies
between conformers and the partition functions are calculated using omegaB97X-D/aug-cc-
pVTZ.
For the tunneling, an IRC is run at the B3LYP/6-31+G(d) level for the TS conformer
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lowest in energy at the ωB97X-D/aug-cc-pVTZ level. The end-points are optimized using
first B3LYP/6-31+G(d) and subsequently ωB97X-D/aug-cc-pVTZ. Finally, an F12 single-
point energy is calculated. The tunneling coefficient is then calculated using the Eckart
approach with ωB97X-D/aug-cc-pVTZ imaginary frequency and F12//ωB97X-D/aug-cc-
pVTZ Eckart barriers with ωB97X-D/aug-cc-pVTZ zero-point corrections. All rate coefficients
are calculated at 298.15 K and are high-pressure limit values.
For the alkoxy radicals, no F12 calculations are done due to potential issues with the
HF reference wave function40 and instead, the ωB97X-D values are used. For the ωB97X-D
of the reactions of the BCP-oxy radical, the 6-311+G(d,p) basis set is used instead of the
aug-cc-pVTZ basis set as no TS could be located for the 1,5 aldehydic H-shift with the
aug-cc-pVTZ basis set.
S7: Unimolecular reactions of C-peroxy
We calculate the unimolecular reaction rate coefficients of C-peroxy isomers using MC-TST.
Calculation results at the B3LYP/6-31+G(d) level, summarized in Scheme S1, show that
the endo-cyclization and HO2 elimination are the dominant reactions for ortho-syn-C-peroxy
and ortho-anti -C-peroxy, respectively. These two reaction pathways are re-evaluated at the
F12 level. The rate coefficients of all studied unimolecular reactions of para-C-peroxy are
below 3×10-5 s-1 at the B3LYP/6-31+G(d) level, suggesting these unimolecular reactions
are negligible under atmospheric conditions.
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Scheme S1: Calculated unimolecular reaction rate coefficient for C-peroxy isomers at the
B3LYP/6-31+G(d) MC-TST level. The HO2 elimination rate of ortho-anti -C-peroxy is
calculated at the at the ωB97X-D/6-31+G(d) level.
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Table S3: Calculated unimolecular reaction rate coefficients of C-peroxy. All values
are calculated at 298 K, except for this study at 298.15 K.
reaction rate coefficient (s-1) referencea note
ortho-syn-C-peroxy → BCP-yl
2.5×105 Raoult et al.41 b
3.07×103 Glowacki et al.42 c
3.6×102 Olivella et al.43 d
8.1×102 this study e
ortho-anti -C-peroxy → phenol 4.3×10
1 Glowacki et al.42 f
1.3×102 this study e
a Lay et al. 44 also calculated the unimolecular reactions of C-peroxy, but are not included
in this table because of the relatively low level of theory used in that study.
b TST, B3LYP/6-31G(d) with the activation enthalpy corrected by the empirical
“Intrinsic-Method” (IM).
c Bartis-Widom Eigenvalue-Eigenvector Analysis, 760 Torr, barriers calculated using
CASPT2 on PES adjusted within expected uncertainties to best fit experimentally
observed decay of C-yl (Benzene-OH)
d TST, ROCCSD(T)/6-311+G(2df,2p)// B3LYP/6-31G(d).
e MC-TST, RO-CCSD(T)-F12a/VDZ-F12//ωB97X-D/aug-cc-pVTZ.
f Bartis-Widom Eigenvalue-Eigenvector Analysis, 760 Torr, barriers calculated using
G3X(MP2)-RAD but adjusted within its estimated uncertainty limit (∼ 5 kJ mol-1) to
best fit experimentally observed decay of C-yl (Benzene-OH)
Table S4: Kinetic parameters adopted from the literature and used in Eqn.3
Parameter Value Unit Reference
Φphenol,NO2 5.9 % Klotz et al.
45
k1 2.8× 10–15 cm3 molecule–1 s–1 Glowacki et al.42
k–1 9.8× 104 s–1 Glowacki et al.42
k2 8.4× 10–16 cm3 molecule–1 s–1 Glowacki et al.42
k–2 2.8× 103 s–1 Glowacki et al.42
k3 4.2× 10–14 cm3 molecule–1 s–1 Glowacki et al.42
k–3 2.6× 106 s–1 Glowacki et al.42
k4 2.6× 10–14 cm3 molecule–1 s–1 Glowacki et al.42
k–4 4.8× 105 s–1 Glowacki et al.42
k6 2.8× 10–11 cm3 molecule–1 s–1 Knispel et al.46
k9 1.7× 10–11 cm3 molecule–1 s–1 Klotz et al.45
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Scheme S2: Reaction scheme of BCP-yl.
S8: Loss rate of BCP-yl
This section compares the effective loss rate of BCP-yl by O2 addition (denoted as keff,BCP-peroxy)
and by isomerization channel (kS2). By considering the reversible O2 addition to BCP-yl
and assuming reaction with NO as the sole fate of BCP-peroxy (Scheme S2),
keff,BCP–peroxy = kRO2+NO[NO]
kS1[O2]
k–S1
= kRO2+NOKeq,S1[NO][O2] (16)
where kRO2+NO = 9.15×10-12 cm3 s-1 molecule-1. The equilibrium constant (Keq,S1 =
kS1/k–S1) is uncertain. We estimate its value by using three different approaches. First,
the calculated Keq,S1 is 2.4 × 10–17 at ωB97X-D/aug-cc-pVTZ level of theory. Second, the
calculated Keq,S1 is 5.9 × 10–15cm3molecule–1 at RO-CCSD(T)-F12a/VDZ-F12// ωB97X-
D/aug-cc-pVTZ level of theory. Third, by analogizing to equilibrium between BCP-yl and
BCP-peroxy to that of isoprene system, Keq,S1 is on the order of 10–13cm3molecule–1 (i.e.,
2× 10–12/20 from Teng et al.47). By applying the estimated range of Keq,S1 and assuming
1 ppbv NO and atmospheric O2 concentration, keff,BCP-peroxy is calculated to range from 30
to 105 s–1. We also theoretically calculate the isomerization rate of stabilized BCP-yl (kS2)
to be 0.02 s-1. Thus, regardless of the uncertainty, keff,BCP-peroxy is orders of magnitude
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faster than the kS2.
S9: Unimolecular reactions of BCP-peroxy
Two unimolecular reactions have been theoretically investigated as shown in Scheme S3.
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BCP-peroxy
OO
H
OO
OH
H
O O
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OH
OOH
~
40 
kca
l mo
l-1
1.2*10 -7
 s -11,5 H-shift
Scheme S3: Explored unimolecular reactions of BCP-peroxy. The rate coefficient of H-shift
is calculated using the MC-TST approach by Møller et al. 21 with barriers at the F12 level.
The barrier height of endo-cyclization is calculated by Motta et al.48 .
S10: BCP-oxy chemistry
Uncertainties in theoretical calculation of BCP-oxy reaction
Wang et al. 49 calculated the branching ratio of BCP-oxy chemistry and suggested ring-
closure to be preferential. However, new calculation results from the same group suggest less
than 2% of BCP-oxy undergoes ring-closure (Figure 1 in Wang et al. 14). The theoretical
calculation is highly uncertain because of the reversibility of BCP-oxy ring-closure reaction
and the unknown O2 addition rate to TCPE-yl (Scheme S4).
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The effective removal rate of BCP-oxy by ring-closure (keff,rc) can be represented as
keff,rc =
kO2 [O2]krc
k–rc + kO2 [O2]
(17)
where kO2 represents the O2 addition rate coefficient to TCPE-yl. krc and k–rc represent
the forward and reverse rate coefficients of ring-closure of BCP-oxy, which are calculated to be
2.84×109 and 3.97×109 s-1, respectively, by Wang et al.49 . [O2] represents the atmospheric
O2 concentration. Using a value of 6 × 10–12cm3molecule–1s–1 for kO2 , keff,rc is calculated
to be equal to the ring-breakage rate coefficient of BCP-oxy (i.e., krb = 2.2× 107 s–1). This
leads to the ratio of ring-closure to ring-breakage to be 1, which is the predicted value in
Wang et al. 49 . However, kO2 is poorly constrained. If kO2 was 1×10–12 cm3 molecule–1 s–1,
the ratio of ring-closure to ring-breakage would decrease to 0.17. Therefore, the theoretically
predicted fate of BCP-oxy is highly sensitive to the O2 addition rate coefficient.
The fate of BCP-oxy is expected to be stereospecific. Wang et al. 49 only studied the syn
isomer, because this isomer is proposed to be produced from the isomerization of syn-BCP-
peroxy and the stereo-structure is inherited. The reactions of other stereoisomers generated
from C-oxy channel require further investigation.
Uncertainties in experimental estimate of BCP-oxy fate
To experimentally investigate the fate of BCP-oxy, we use the measurement of epoxy-
butandial, a unique product from BCP-oxy ring-closure pathway. This constraint is only
S22
applicable under low NO conditions (i.e., NO < a few ppbv) when BCP-oxy is the dominant
source of epoxy-butandial. Under high NO conditions when C-peroxy+NO is substantial,
epoxy-butandial can also be produced from TCEE-yl (Scheme S10). Another to note is taht
epoxy-butandial and fumaraldehydic acid are structural isomers with the same chemical
formula C4H4O3. Their separation based on gas chromatography will be discussed in next
section.
One uncertainty in using epoxy-butandial yield to constrain the BCP-oxy fate is the
unstudied photochemical reaction rates of epoxy-butandial. We assume that the kOH of
epoxy-butandial is twice the kOH of acetaldehyde, as epoxy-butandial has two aldehyde
functionality. We assume jepoxy–butandial = 0.01 × jbutenedial because Newland et al.15
noted that the photolysis rate of unsaturated aldehyde is roughly 100 times larger than that
of saturated aldehyde. Even assuming that epoxy-butandial has the same fast secondary loss
as butenedial, the epoxy-butandial yield only increases from 0.2% to 0.3%. The instrumental
sensitivity of epoxy-butandial also influences the estimate of BCP-oxy fate. However, even if
we assume the instrumental sensitivity of epoxy-butandial is 10 times of current assumption,
the epoxy-butandial yield increases from 0.2% to 2%, suggesting only 4% of BCP-oxy
undergoing ring-closure. In conclusion, these uncertainties unlikely alter the conclusion that
ring-closure is a minor reaction of BCP-oxy and ring-breakage is its dominant fate.
Separation of epoxy-butandial and fumaraldehydic acid
Epoxy-butandial and fumaraldehydic acid are structural isomers with the same chemical
formula C4H4O3. They are separated based on gas chromatography and their different
ion-chemistry with CF3O–. It is expected that epoxy-butandial reacts with CF3O– mainly
via clustering chemistry (C4H4O3 · CF3O– at m/z 185), while fumaraldehydic acid could
potentially react both by clustering (C4H4O3 · CF3O– at m/z 185) and fluoride transfer
(C4H4O3 ·F– at m/z 119). The chromtograms of C4H4O3 ·CF3O– and C4H4O3 ·F– have two
peaks each. We infer both C4H4O3 · F– peaks represent fumaraldehydic acid and C4H4O3 ·
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CF3O– peak eluting at 720s represents epoxy-butandial based on the following analysis.
First, the H/D exchange analysis reveals that the C4H4O3 ·CF3O– peak eluting at 720s does
not contain any exchangeable acidic H, consistent with the structure of epoxy-butandial.
Both C4H4O3 ·F– peaks have one acidic H, consistent with the structure of fumaraldehydic
acid. Second, in benzene-d6 oxidation experiments, two C4D3HO3 ·F– peaks (i.e., replacing
three hydrogen atoms in C4H4O3·F– with deuterium atoms) are observed, which is consistent
with their proposed formation mechanism (Scheme S5). However, we note that the two peaks
of C4H4O3 · F– unlikely arise from the same molecule, because they exhibit different ion-
chemistry with CF3O–. The molecule eluting at 720s reacts with CF3O– via only fluoride
transfer, while the molecule eluting at 1000s undergoes both fluoride transfer and clustering
reactions with CF3O– (i.e., both C4H4O3 · CF3O– and C4H4O3 · F– have a peak eluting
at 1000s). Without authentic standard, the further peak assignment is challenging. We
assume both peaks represent fumaraldehydic acid and use the summed signal to obtain an
upper bound of fumaraldehydic acid yield. Authentic standard of fumaraldehydic acid will
be critical to improve its quantification and hence constrain the fate of BCP-oxy.
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Figure S13: Chromatograms of C4H4O3 ·CF3O– and C4H4O3 fluoride transfer product from
an experiment with τRO2,bimolecular ≈ 0.001s.
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Theoretical study of BCP-oxy, C6H7O4-oxy and C6H7O4-yl reactions
In this section, we discuss our theoretical study of the BCP-oxy, C6H7O4-oxy, and C6H7O4-yl
reactions. C-C bond scission is the initial step in the conversion of BCP-oxy to C6H7O4-
oxy. Intrinsic Reaction Coordinate (IRC) calculations for this reaction at the ωB97X-D/6-
31+G(d) level lead to a structure in which the newly formed aldehyde group is perpendicular
to the double bond. This suggests that the C6H7O4-oxy radical will be formed as both cis
and trans isomers with respect to the central bond in the conjugated aldehyde group (Scheme
S6) which have ωB97X-D/6-311+G(d,p) zero-point corrected energies within 0.05 kcal mol-1
of each other. The ωB97X-D/6-311+G(d,p) barrier for the interconversion between these
is about 5 kcal mol-1. This barrier is higher than the barriers for some of the other
unimolecular reaction pathways available (Table S5) and therefore these two isomers may
react independently. Decomposition is calculated to be the dominant pathway for cis-
C6H7O4-oxy, yielding gloyxal and butenedial. In contrast, for trans-C6H7O4-oxy, the 1,5-
aldehydic H-shift leading to C6H7O4-yl is also expected to be an important pathway, as the
barrier is∼3 kcal mol-1 lower than that for the decomposition (Table S5). The isomer-specific
chemistry of C6H7O4-oxy is not specifically discussed by Wang et al.14 .
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Scheme S6: Overview of BCP-oxy ring-breakage leading to cis and trans-C6H7O4-oxy and
their unimolecular reactions.
Table S5: ωB97X-D/6-311+G(d,p) zero-point corrected barrier heights (in kcal mol-1) for
the unimolecular reactions of the cis and trans-C6H7O4-oxy radicals shown in Scheme S6.
Reaction ΔEcis ΔEtrans
Cis-trans-conversion 5.1 5.1
1,4 aldehydic H-shift 7.5 10.7
1,5 aldehydic H-shift N/A -0.3
Ring-breakage 1.5 2.8
Ring-closure 7.1 5.7
The 1,5-aldehydic H-shift of trans-C6H7O4-oxy produces an alkyl radical C6H7O4-yl (R3
and R6 in Scheme S7). Wang et al.14 suggested that the C6H7O4-yl exclusively decomposes
into a ketene-enol accompanied by gloyxal (R11 in Scheme S7), rather than reacting with
O2. In agreement with Wang et al.14 , we find that the C6H7O4-yl radical is about 70 kcal
mol-1 lower in energy than BCP-oxy and thus is unlikely to react with O2 before undergoing
unimolecular reactions via the excess energy. However, given the amount of excess energy
and multiple substituents in the C6H7O4-yl, the decomposition is not the only possible
unimolecular reaction of C6H7O4-yl.
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Scheme S7: Overview of studied unimolecular reactions for the C6H7O4-yl radical formed
from the 1,5 aldehydic alkoxy H-shift of the trans-C6H7O4-oxy radical. An IRC calculation
shows that the 1,4 α-OH H-shift (R14) is connected to C6H7O4-yl (straight) rather than the
bent isomer. The relative energies of the species and transition states are given in Table S6.
The ring-breakge of BCP-oxy (R1) can also produce cis-C6H7O4-oxy radical, which is not
included in the RRKM-ME modeling.
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Table S6: ωB97X-D/6-311+G(d,p) zero-point corrected energy (in kcal mol-1) of transition
states, ETS, products, EP, and products after O2-addition, EP–O2 , of the reactions shown
in Scheme S7 calculated relative to BCP-oxy.
Reaction ETS EP EP–O2
R1 8.4 -52.3
R2 -49.5 -69.8
R3 -52.6 -69.5 a
R4 -44.0 -45.6
R5 -94.0
R6 -68.9 -74.2 b
R7 -46.8 -51.4
R8 -50.4 -66.0 -91.4
R9 -58.4 -78.4 -88.8
R10 -88.2
R11 -54.6 -66.9
R12 -43.4 -56.6
R13 -47.5 -69.7 -97.9
R14 -51.7 -84.6 -85.6
a Corresponds to R5-P
b Corresponds to R10-P
The possible unimolecular reactions of C6H7O4-yl is outlined in Scheme S7 and modeled
with Rice-Ramsperger-Kassel-Marcus Master Equation methods (RRKM-ME) using the
Master Equation Solver for Multi Energy-well Reactions (MESMER) version 6.0.50 The
stationary points used for the simulations are the lowest-energy conformers at the ωB97X-
D/6-311+G(d,p) level and the modeling is based on energies at that level. This level is
selected because the TS for the 1,5 alkoxy H-shift from trans-C6H7O4-oxy could not be
optimized with the aug-cc-pVTZ basis set (a scan suggests that the reaction is barrierless at
that level). For products of decomposition reactions, the optimized IRC end-point conformer
is used. For products of O2-addition reaction, an arbitrary conformer is used rather than
the lowest-energy conformers but this is not expected to impact the simulations as these are
modelled as sinks. The modeling starts from BCP-oxy, but includes only ring-breakage to
the trans-C6H7O4-oxy, as the branching between the trans and cis C6H7O4-oxy isomers is
unknown. If one assumes cis-C6H7O4-oxy as the only isomer produced from C6H7O4-oxy
S28
ring-breakage, the yields reported here represent the upper limits from BCP-oxy channel.
The following parameters are used for the modeling:
• k(R·+O2) = 1.4×10–11 cm3 molecule-1 s-1. Based on experimental results for cyclohexyl
at 298 K.51 This value may be an upper limit as most of the alkyl radicals are
delocalized and thus likely react slower.
• Atmospheric O2 concentration of 5.36× 1018 molecules cm-3.
• Exponential energy decay with an average energy transfer per collision (ΔEdown =
278.89 cm-1) based on experimental results for toluene with N2 as the bath gas.52
• Lennard-Jones parameters for the benzene-derived species: σ = 5.92 Å and ε/k = 410
K. Values for toluene.52,53
• Bath gas = N2 (σ = 3.919 Å, ε/kB = 91.85 K).54
• P = 760 Torr, T = 298.15 K
• Grain size = 100 cm-1 and automatically determined upper limit to the span of energy
grains with threshold population of 1× 10–15. A test done with a grain size of 75 cm-1
for a subsystem yielded negligible differences suggesting that a grain size of 100 cm-1
is suitable.
• Numerical precision = qd. This was found to be necessary for reliable modeling.
Simulation 1
To assess if any of the reversible unimolecular reactions in Scheme S7 are negligible, we
did a RRKM-ME modeling of the system treating the products of the unimolecular reaction
(excluding R3 and R6) as sinks. The results indicate that the OH H-shifts abstracting the H
from a hydroxy group (R7 and R12) are negligible (Table S7) and these are excluded from
the final simulation.
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Table S7: Final fractional populations in the RRKM modelling of the system outlined in
Scheme S7 without the dashed O2 addition steps and treating all products as sinks. The
species with a final fractional population of zero are the only ones not treated as sinks.
Treating the products of the reversible H-shifts as sinks likely leads to (potentially significant)
overestimation of their importance, see Table S8 for the corresponding results when not
treating them as sinks.
Compound Final Fractional Population
BCP-oxy 0.0
R1-P: trans-C6H7O4-oxy 0.0
R2-P 5.6×10–1
R3-P: C6H7O4-yl (bent) 0.0
R4-P 1.1×10–1
R5-P 1.7×10–4
R6-P: C6H7O4-yl (straight) 0.0
R7-P 1.4×10–3
R8-P 1.6×10–2
R9-P 9.9×10–2
R10-P 8.7×10–4
R11-P 2.0×10–1
R12-P 8.4×10–4
R13-P 6.9×10–3
R14-P 1.1×10–2
Simulation 2
Treating the unimolecular H-shifts as sinks likely leads to an overestimation of their
importance, as they are reversible. Therefore, we redid the modeling allowing these reactions
to be reversible and instead adding an irreversible O2-addition step as shown by the dashed
arrows in Scheme S7. The results from this simulation are shown in Table S8, Figure
S14. and summarized in Scheme S8. This MESMER modeling suggests that about 56%
of the trans-C6H7O4-oxy undergoes the dissociation reaction (R2) leading to butenedial and
glyoxal and about 44% undergoes the 1,5-aldehydic H-shift to form C6H7O4-yl. This result
is largely in overall agreement with the results presented by Wang et al.14 , if the C6H7O4-
oxy in Wang et al.14 refers to the trans isomer. Regarding the reactions of C6H7O4-yl,
Wang et al.14 suggests that it exclusively decomposes to ketene-enol, but our calculation
suggests that a fraction of C6H7O4-yl undergoes CO-loss (R4), which constitutes 14% of
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the total product from the reactions of trans-C6H7O4-oxy (Table S8). Thus, CO-loss is
an important pathway. The CO-loss is accompanied by a product with five carbon atoms,
which provides an alternative pathway to produce lower-carbon-containing products. Zaytsev
et al.55 detected a plethora of C6 products and C8 products in the oxidation of toluene
(C7) and 1,2,4-trimethylbenzne (C9), respectively, and noted their formation mechanism
is unclear. A few percent of C6H7O4-yl undergoes some H-shifts, which could lead to the
formation of HOMs.
Table S8: Final fractional populations in the RRKM modelling of the system outlined in
Scheme S7 excluding R7 and R12. Decomposition reactions and O2-additions are modelled
as being irreversible. The time profile of the species population is shown in Figure S14.
Major pathways are highlighted in bold.
Compound Final Fractional Population
BCP-oxy 0.0
R1-P: trans-C6H7O4-oxy 0.0
R2-P 5.6×10–1
R3-P: C6H7O4-yl (bent) 0.0
R4-P 1.4×10–1
R5-P 2.6×10–4
R6-P: C6H7O4-yl (straight) 0.0
R8-P 0.0
R8-P-O2 2.1×10–4
R9-P 0.0
R9-P-O2 1.2×10–2
R10-P 1.7×10–3
R11-P 2.7×10–1
R13-P 0.0
R13-P-O2 2.8×10–3
R14-P 0.0
R14-P-O2 1.3×10–2
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Figure S14: Fractional product population as a function of time in the RRKM-ME modeling
of the system shown in Scheme S7 excluding R7 and R12. Products of decomposition
reactions and O2-additions (highlighted in bold in the legend) are treated as sinks. The
final product distribution is presented also in Table S8.
The theoretical findings are summarized in Scheme S8. Our theoretical study suggests
that the decomposition of BCP-oxy produces both cis and trans C6H7O4-oxy isomers
(Scheme S6). The cis isomer dominantly undergoes decomposition, but the trans isomer can
undergo both decomposition and 1,5-aldehydic H-shift (Table S5). However, the distribution
of cis and trans isomers is unclear and the isomer-specific chemistry is not discussed in Wang
et al. 14 . Further, theoretical calculation suggests that about 56% of the trans-C6H7O4-
oxy undergoes the dissociation reaction leading to butenedial and glyoxal and about 44%
undergoes the 1,5-aldehydic H-shift to form C6H7O4-yl (Table S8). This is largely in overall
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agreement with the results presented by Wang et al.14 . In contrast to Wang et al. 14 which
suggested that C6H7O4-yl exclusive decomposes to ketene-enol, we find that about 30% of
C6H7O4-yl undergoes CO-loss and an additional 7% undergoes other reactions. The CO-loss
constitutes 14% of the total product from the reactions of trans-C6H7O4-oxy (Table S8).
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Scheme S8: Summary of key theoretical findings on BCP-oxy chemistry.
Theoretical yield of fumaraldehydic acid
Under low NOx conditions, the theoretical yield of fumaraldehydic acid (YFAA) is equal to
the product of branching ratios along its formation pathway (Scheme S9 and Eqn. S18)
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Scheme S9: Simplified formation mechanism of fumaraldehydic acid from the 1,5-aldehydic
H-shift of BCP-oxy based on Wang et al. 14 .
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YFAA = YBCP–oxy · BRtrans · BRketene–enol · BROH · BRC1–add (18)
where YBCP–oxy represents the yield of BCP-oxy, BRtrans represents the branching ratio
for BCP-oxy decomposition to produce trans-C6H7O4-oxy isomer, BRketene–enol represents
the branching ratio for ketene-enol formation from trans-C6H7O4-oxy, BROH represents the
branching ratio for ketene-enol undergoing OH addition, and BRC1–add represents branching
ratio for OH addition to the ketene carbon connected to the oxygen (Scheme S9). YBCP–oxy
is roughly 47% under low NO conditions (i.e., NO < a few ppbv) as discussed in the main
text. BRtrans is unknown and assumed to be 50%. BRketene–enol is theoretically calculated
to be 0.27 (44% × 61% in Scheme S8). BROH is estimated to be 0.8 based on the [OH]
(1.75 × 108 molecule cm–3), [O3] (∼50 ppb), and jketene–enol (3.2 × 10–3 s–1) in low NOx
experiments (Expts. 8 and 9) in this study. BRC1–add is theoretically calculated to be 0.64
by Wang et al. 14 . Therefore, the theoretical yield of fumaraldehydic acid (FAA) under low
NOx conditions is 3.5%.
Wang et al. 14 used formic acid measurement in an laboratory (E)-butenedial photooxidation
experiment to evaluate the theoretically calculated fate of ketene-enol. However, the fate of
C6H7O4-oxy is not experimentally accessed in that study. Here, we select fumaraldehydic
acid to constrain the fate of C6H7O4-oxy, because it is a unique product following the
C6H7O4-oxy H-shift and subsequent C6H7O4-yl decomposition. Formic acid is also measured
in this study, but not used in this analysis because formic acid could be formed from the
illumination of the chamber walls and unknown formation pathways.
S11: C-oxy chemistry
C-oxy is subject to both ring-closure and ring-breakage. The ratio of two pathways is stereo-
specific. The barrier heights of ring-closure and ring-breakage are calculated to be the
same for ortho-anti -C-oxy (Table S9), suggesting both channels are likely of comparable
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importance. For ortho-syn-C-oxy, however, the barrier height of ring-closure is more than
4 kcal mol-1 lower than that of ring-breakage, suggesting ring-closure is likely the dominant
fate of ortho-syn-C-oxy.
The ring-breakage of C-oxy, followed by O2 addition and HO2 elimination, produces
2,4-hexadienedial (muconaldehyde, C6H6O2). GC-CIMS resolves two major peaks in the
chromotogram of m/z 195 (C6H6O2 · CF3O–)(Figure S6) and the H/D exchange analysis
reveals that neither peak has any exchangeable H, consistent with the chemical identify of
2,4-hexadienedial. 2,4-hexadienedial has Z,Z-, E,Z-, and E,E-isomers. Klotz et al. 56 showed
that Z,Z-isomer thermally isomerize to the E,Z-isomer with a lifetime of 13 min, a time scale
similar to the oxidation time and GC sampling in this study. Thus, the two major peaks
resolved by GC-CIMS likely represent E,Z- and E,E isomers.
The total yield of 2,4-hexadienedial (i.e., sum of both isomers) increases with shorter
τRO2,bimolecular (Figure S7), consistent with C-oxy chemistry as its major source. At the
shortest τRO2,bimolecular (10
-3 s) in this study, the yield is 17%, but still does not reach a
plateau, as a result of the fast unimolecular reactions of C-peroxy. At the longest τRO2,bimolecular
(2 s), the yield is low (1%), but non-zero. This is unexpected as C-peroxy predominantly
undergoes unimolecular reactions and the formation of C-oxy is negligible under this condition.
This non-zero yield implies that some unknown pathway produces 2,4-hexadienedial without
the involvement of NO.
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Table S9: ωB97X-D/aug-cc-pVTZ barrier heights of the ring-breakage and ring-closure
reactions for C-oxy isomers (kcal mol-1).
Isomer ring-breakage ring-closure
OH
O
ortho-anti-C-oxy 2.3 2.3
OH
O
ortho-syn-C-oxy 5.0 0.8
S12: Literature values of glyoxal yields
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Scheme S10: Formation pathways of glyoxal. Primary formation is marked blue and
secondary formation is marked red.
Table S10 summarizes literature glyoxal yields and corresponding experimental conditions.
To obtain the RO2 bimolecular lifetime and hence compare the literature data in Figure 4,
we input the initial concentrations of species, photolysis rate, oxidation time, as reported by
S36
each study, into the kinetic model described in section S5.
Table S10: Reported glyoxal yields at room temperature and pressure.
reference yield benzenea NOa NO2a OH source & jNO2 ox. time
(%) (ppm) (ppb) (ppb) conc. (ppm) (×10-3 s-1) (min)
Tuazon57 21±2 10 4.9×103 0 CH3ONO (9.8) 4.4b 3
Volkamer58 35±10 10 80 40 HONO (0.08) 2.5 85
Berndt59 29±10 120-180 18-58 0 CH3ONO (0.41) 4.7 10.4
Alvarez60 42±3 2 6 20 HONO (0.034) 6.7 30
Alvarez60 36±2 39 14 37 HONO (0.064) 6.5 30
a The concentrations refer to initial values before oxidation.
b A biacetyl photolysis rate of 1.25×10-4 s-1 is reported for 25 kW xenon arc. The jNO2 is difficult to
estimate, but assumed to be the same as this study.
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